Over the last several decades, significant advances have occurred in the assessment and management of spinal deformity. OBJECTIVE: The primary focus of this narrative review is on recent advances in adult thoracic, thoracolumbar, and lumbar deformities, with additional discussions of advances in cervical deformity and pediatric deformity. METHODS: A review of recent literature was conducted. RESULTS: Advances in adult thoracic, thoracolumbar, and lumbar deformities reviewed include the growing applications of stereoradiography, development of new radiographic measures and improved understanding of radiographic alignment objectives, increasingly sophisticated tools for radiographic analysis, strategies to reduce the occurrence of common complications, and advances in minimally invasive techniques. In addition, discussion is provided on the rapidly advancing applications of predictive analytics and outcomes assessments that are intended to improve the ability to predict risk and outcomes. Advances in the rapidly evolving field of cervical deformity focus on better understanding of how cervical alignment is impacted by thoracolumbar regional alignment and global alignment and how this can affect surgical planning. Discussion is also provided on initial progress toward development of a comprehensive cervical deformity classification system. Pediatric deformity assessment has been substantially improved with low radiation-based 3-D imaging, and promising clinical outcomes data are beginning to emerge on the use of growth-friendly implants. CONCLUSION: It is ultimately through the reviewed and other recent and ongoing advances that care for patients with spinal deformity will continue to evolve, enabling better informed treatment decisions, more meaningful patient counseling, reduced complications, and achievement of desired clinical outcomes.
O
ver the last few decades, remarkable advances have been made in the treatment of spinal deformity. Improvements in imaging, instrumentation, surgical techniques, anesthesia, and critical care have enabled almost routine treatment of some deformities and have enabled surgeons to address increasingly more complex deformities. [1] [2] [3] [4] We also now have a better understanding of the profound disability that these patients experience, and the changes in function and mobility afforded by treatment. 1, 3, 5 Although many advances are rapidly incorporated into practice and soon taken for granted, it is through ongoing research and innovation that continued improvements in care are achieved. This narrative review provides an overview of several recent and ongoing advances in the field of spinal deformity, including adult deformities of the thoracic, thoracolumbar, and lumbar regions (hereafter referred to collectively as thoracolumbar deformities), as well as cervical and pediatric deformities. recognition of the critical importance of the sagittal plane. 4, 6 Glassman and colleagues 6 were among the first to demonstrate the importance of global sagittal alignment (GSA), and subsequent studies have reinforced its importance and have demonstrated the need to assess spinal alignment in the context of pelvic parameters ( Figure 1) . 4, 7, 8 The key pelvic parameters include pelvic incidence (PI), which is a measure of pelvic morphology and establishes the ideal amount of lumbar lordosis (LL) needed by an individual, and pelvic tilt (PT), which reflects compensatory pelvic retroversion. 4, 8 Individuals may compensate to varying degrees for positive sagittal malalignment through pelvic retroversion; however, elevated pelvic retroversion is a source of pain and disability. 4, 8 In addition, Smith and colleagues recently reported that surgical treatment of patients with pathological loss of LL (flatback) but with normal GSA ("compensated flatback") achieved a similar magnitude of clinical improvement with surgery as did patients surgically treated for uncompensated positive sagittal malalignment. 9 Schwab and colleagues assessed the correlations between spinopelvic parameters and health-related quality of life (HRQOL) scores in patients with ASD. 4 Based on assessment of 492 ASD patients, the 3 radiographic parameters with the strongest correlations with disability were PT, sagittal vertical axis (SVA), and PI-LL mismatch. The threshold radiographic 
<11
• a Note that these alignment objectives are based on averages across a broad population and do not account for patient factors, such as age, that may significantly impact the desired thresholds for alignment. 10 spinopelvic parameters for an Oswestry Disability Index (ODI) >40 (severe disability) were: PT ≥ 22
FIGURE 2. Summary of the SRS-Schwab classification for adult thoracolumbar spinal deformity.
• , SVA ≥ 4.7 cm, and PI-LL mismatch of ≥11
• . It is important to remember that these measures and thresholds do not, in and of themselves, constitute an indication for surgery, but are meant to aid in understanding the complexities of spinal deformity in the context of patient symptoms (Table) . These thresholds were used to produce the Scoliosis Research Society (SRS)-Schwab classification for ASD ( Figure 2 ). This classification has been validated for inter-and intraobserver variability, 10 has been shown to correlate with the decision of operative vs nonoperative treatment, 11 and has been shown to reflect changes in patient-reported outcomes following surgical treatment. 12 Although average radiographic alignment thresholds based on groups of heterogeneous patients can be helpful for clinical assessment and surgical planning, further advances are needed to define more individualized parameters. For example, age-related changes occur in the musculoskeletal and neurosensorial systems. Muscles atrophy, postural control declines, thoracic kyphosis (TK) increases, LL decreases, and PT tends to increase. Lafage and colleagues 13 recently defined spinopelvic alignment thresholds based on patient age. They found that ideal spinopelvic values increased with age and that older patients had greater compensation, more loss of LL, and were more pitched forward. They concluded that operative realignment targets should account for age and that younger patients require more rigorous alignment objectives. In addition, although there is some evidence that not just age but also race has an impact on spinopelvic parameters, the normative values based on race have not been well defined. 14 Recent reports have proposed novel radiographic measures as a means of better defining the alignment of ASD patients. Protopsaltis and colleagues proposed the T1 pelvic angle (TPA; Figure 3A ). 15 The SVA and PT are interrelated since the magnitude of one affects the other, and the interplay between these 2 important parameters is further impacted by compensatory measures. The TPA enables assessment of the global spinopelvic alignment in a single measure by simultaneously accounting for the GSA and the PT, and it is less affected by variations in standing compensation than either SVA or PT. However, high and low PT within the same TPA may have substantial differences and should be recognized.
Assessment of sagittal alignment extends beyond the spine, since compensatory measures include flexion of the hips, knees, and ankles. Diebo and colleagues 16 described the global sagittal axis as a means of assessing the standing axis of the human body in the sagittal plane ( Figure 3B ). The authors found that global sagittal axis correlated highly with spinopelvic and lower extremity sagittal parameters and with HRQOL scores.
Ferrero and colleagues 17 further demonstrated the importance of assessing sagittal plane deformity in the context of the whole body. Based on 336 patients with spinal pathology, they described full-body alignment using multiple radiographic parameters not typically applied to spine deformity research ( Figure 3C ). They identified multiple correlations between lower limb angles, pelvic shift, and ODI that may prove useful when evaluating and planning surgical treatment for ASD.
Stereoradiography
EOS imaging (EOS Imaging SA, Paris, France) was developed based on Georges Charpak's invention of a gaseous particle detector with a multiwire proportional chamber for which he received the Nobel Prize in Physics in 1992. 18 The ultrasensitive multiwire proportional chamber detector that is used to detect X-rays results in a substantial reduction (50%-80% less than conventional radiographs) in radiation absorbed by the patient. EOS R enables simultaneous anteroposterior and lateral 2-dimensional (2-D) images of the entire body, which can be used to create 3-dimensional (3-D) reconstructions of the spine and lower limb bony anatomy. The standing position in which images are acquired allows assessment of upright posture and load under weight-bearing conditions. Acquisition of images requires only 10 to 25 s. 19 A microdose protocol further reduces the radiation exposure by 5.5 times, which corresponds to a 45-fold reduction compared with conventional radiographs, although trade-offs in image quality and definition of fine bony anatomy occur. Figure 4 ). 21 They found that patients with RS were older, had greater coronal Cobb angle, had more severe sagittal deformity, and had greater apex axial vertebral rotation. Patients with RS had significantly more back and leg pain. They concluded that further transverse plane analysis could enable earlier diagnosis and prognosis and help guide patient management.
Surgical Planning Tools
Accurate radiographic measurement of spinopelvic alignment is important for clinical assessment and surgical planning for ASD. However, this detailed assessment can be time consuming.
Lafage and colleagues 22 recently reported on a new computerassisted tool to measure spinopelvic parameters. The software requires the user to outline the femoral heads with 2 adjustable circles and to mark 4 segments that correspond to 4 key vertebral endplates. Constrained spine outlines are then adjusted by the user to overlay the cervical, thoracic, and lumbar curvatures. Spinopelvic parameters are then automatically calculated, including PT, PI, SS, PI-LL mismatch, TK, TPA, cervical lordosis, C2-C7 SVA, and C7-S1 SVA. The authors reported that the average time to perform a full analysis with this software was 75 s and that the rater reliabilities were very good based on 5 users. Gupta and colleagues 23 applied this software to a group of 11 observers (7 surgeons and 4 researchers) and compared the reliability with picture archiving and communications system (PACS) measurement tools. 23 They found that the dedicated surgical measurement software provided significantly more reliable measurements than PACS tools, especially among the surgeons.
The importance of achieving appropriate spinal alignment when operating to correct ASD is well recognized. 4, 6 However, reports from experienced ASD surgeons have shown that 23% of lumbar pedicle subtraction osteotomies (PSO) and 22% of thoracic PSOs had poor postoperative spinopelvic alignment. 24, 25 In addition, Ailon and colleagues 26 assessed the ability of ASD surgeons to predict postoperative spinal alignment using clinical judgment alone and showed that, when presented with preoperative imaging and the surgical plan, participating surgeons failed to correctly predict the adequacy of the proposed surgical plan in one-third of cases. Surgical planning software has been developed as a means of integrating spine-related measurements and tools. 27 Such software enables users to simulate proposed surgical plans and assess the resulting sagittal correction and its impact on spinopelvic parameters and global alignment. 27 Advances continue to be made in surgical planning software. Moal and colleagues 28 recently reported on the use of an advanced point distribution model and probabilistic principal component analysis to predict postoperative spinal alignment, including alignment changes in the unfused vertebral segments and the pelvis. As these models continue to become more sophisticated, including through machine learning algorithms, they may prove helpful in optimizing postoperative alignment and outcomes and potentially reduce revision rates. 29, 30 
Advances to Reduce Complication Rates and Improve Safety Techniques to Reduce Proximal Junction Kyphosis/Failure
Multiple risk factors for proximal junction kyphosis (PJK) have been suggested, including greater age, low bone density, fusion to the sacrum/pelvis, and overcorrection of LL. Although most PJK is adaptive to overcorrection and does not require reoperation, PJK/proximal junction failure (PJF) remains a common reason for revision surgery in ASD surgery. [31] [32] [33] Several recent advancements promise to broaden our understanding of this complication
FIGURE 5. Illustration of a technique for proximal junction tethering. Holes are created through the base of the spinous process at the uppermost instrumented vertebra (U), as well as the vertebral level above (+1) and below (-1) this level. One end of a tether is then threaded through these levels (A) and then pulled securely on one side (B). The other end of the tether is then threaded in an opposite pattern through the same levels (C) and this end is then cinched (D) on the opposite side. The ends of the tether are then cinched tightly and secured to the rods via a crosslink or specially designed lateral connectors that attach to the rods.
and may reduce its occurrence. The Hart-International Spine Study Group (ISSG) PJK severity scale was recently developed as a means of quantifying the impact of PJK. Lau and colleagues 34 applied this classification to a series of 184 ASD patients and found that it correlated strongly with functional outcomes and helped identify which patients required revision surgery.
An emerging technique that offers potential to reduce the occurrence of PJK/PJF is the use of junctional tethers ( Figure 5 ). There are numerous techniques for application of these tethers. Although their clinical effectiveness remains under investigation, Bess and colleagues 35 recently provided a finite element analysis that demonstrated that junctional tethers effectively dissipate forces at the proximal junction.
Although the risk of developing PJK/PJF is likely multifactorial, low bone density has been suggested to be an important risk factor. 33 Yagi and colleagues 36 recently investigated the effectiveness of teriparatide, a recombinant parathyroid hormone, for the prevention of PJK-type 2 (vertebral fracture) following surgery for ASD in women with osteoporosis or osteopenia. They performed a prospective comparative study with 43 patients receiving daily injections of teriparatide for 18 mo following surgery and 33 patients who did not receive teriparatide. They demonstrated that teriparatide treatment significantly improved bone mineral density and resulted in a significantly lower rate of PJK-type 2 (4.6% vs 15.2%; P = .02). 36 Further study in a larger population will be important to validate these findings.
Approximately two-thirds of LL is derived from the segmental lordosis at the L4-5 and L5-S1 disk spaces. Although the vertebral levels at which restoration of LL is achieved in deformity correction has generally not been considered important, emerging evidence suggests that physiological restoration of lordosis impacts the risk of PJK. Lafage and colleagues 37 recently demonstrated that in a series of 348 surgically treated ASD patients, those that had restoration of lordosis at lower lumbar levels had less risk of developing PJK, while patients with overcorrection of LL, marked alignment changes, and preoperative kyphosis 2 vertebra above the planned uppermost instrumented vertebra had increased risk of PJK.
Techniques to Reduce and Address Intraoperative Blood Loss
Surgery for ASD is often associated with substantial blood loss. 32 It is well-recognized that significant blood loss may result in the development of complications, including hypotension, end organ damage, and coagulopathy. Recent studies have shown the potential for antifibrinolytic therapies to reduce intraoperative blood loss. [38] [39] [40] Among the most commonly studied of these medications is tranexamic acid (TXA), a synthetic lysine analog that inhibits fibrinolysis. Cheriyan and colleagues 38 performed a meta-analysis of randomized controlled trials investigating the use of TXA on surgical bleeding in spine surgery and concluded that TXA significantly reduces surgical bleeding and transfusion requirements and does not appear to be associated with an increased risk of adverse events. Xie and colleagues 40 applied a high-dose protocol in a younger population of spinal deformity patients and noted a marked reduction of blood loss, especially in cases requiring a vertebral column resection, and did not identify any apparent adverse effects related to the medication. Nevertheless, it is important to assess for potential contraindications and relative contraindications (eg, history of deep venous thrombosis, pulmonary embolism, stroke, myocardial infarction, or cardiac stenting) before using TXA and to recognize that the ideal dosing remains unclear.
Rotational thromboelastometry (ROTEM) is a functional viscoelastometric method for real-time assessment of coagulation abnormalities. 41 ROTEM has been applied to cardiac, trauma, and major visceral surgery, and was recently assessed in major spine surgery by Naik and colleagues. 41 They demonstrated that ROTEM-guided intraoperative transfusion allowed for standardization of transfusion practices and early identification and treatment of hypofibrinogenemia, an important cause of coagulopathy. Using ROTEM-guided transfusion resulted in less blood loss, reduced transfusion requirements, and decreased cost.
Evolving Techniques to Reduce Rod Fracture
A common source of complications and revision surgery remains the inherent limitations of the durability of spinal implants. 32 Based on a prospective multicenter study of 200 patients with surgically treated ASD and minimum 1-yr followup, Smith and colleagues 42 reported an overall rod fracture rate of 9%. Among the 50 patients treated with a PSO, the rate was 22%, and 10 of the 11 fractures occurred at or adjacent to the PSO level. Techniques to reduce pseudarthrosis in the setting of PSO include use of interbody grafts at the disk spaces adjacent to the PSO and performing the osteotomy as an extended PSO. However, many of the rod fractures in the study from Smith and colleagues 42 occurred relatively early following surgery, suggesting that they may be more related to mechanical compromise of the rods than to pseudarthrosis.
Based on a biomechanical analysis, Tang and colleagues 43 demonstrated that, in the setting of PSO, the fatigue life of posterior spinal fixation rods depends largely on the severity of the rod angle created to maintain the vertebral angle created by the PSO, with greater rod contouring resulting in lower fatigue life. The high rates of rod fracture with PSO and evidence that suggests rod compromise with greater contouring across the PSO site have led to changes in techniques for instrumentation. 42, 43 Some surgeons now use 1 or 2 additional accessory rods that span the osteotomy with attachments to the primary rod(s) with lateral connectors ( Figure 6 ). Gupta and colleagues 44 recently reported on a novel 4-rod technique in which the 2 additional rods are introduced to span only the osteotomy level ( Figure 6 ). With this technique, the rods that span the entire length of the instrumented fusion are not connected to the screws at the osteotomy site, avoiding the need for severe angular bending, which may compromise the rods. Gupta and colleagues 44 reported a rod breakage rate of 0% with this technique, compared to a rate of 25% with the traditional 2-rod technique (P = .008).
Efforts to Define Neurological Risk Associated with ASD Surgery
New neurological deficit is one of the most significant complications following complex ASD surgery. The reported incidence of these complications is variable because of incomplete followup, heterogeneous patient groups and surgical procedures, and nonstandardized assessments and outcomes measures. Better definition of neurological complications is important for surgical planning, patient counseling, and efforts to develop prevention and treatment protocols. Lenke and colleagues 45 reported a prospective assessment of neurological outcomes in 272 patients treated surgically for complex ASD using the American Spinal Injury Association Lower Extremity Motor Scores (LEMS). At the time of hospital discharge, a decline in LEMS was noted in 22.18% of patients, compared with 12.78% who showed an improvement. At 6 mo, a decline in preoperative LEMS was found in 10.82%, while improvement and maintenance were noted in 20.52% and 68.66%, respectively.
Defining the Role of Minimally Invasive Approaches for ASD Current Techniques
The use of minimally invasive surgery (MIS) approaches for spinal fusion has become increasingly popular, leading some surgeons to explore its use for ASD treatment. Park and colleagues 46 proposed a basic classification of MIS approaches for ASD that includes hybrid and circumferential MIS approaches. The hybrid approach includes initial multilevel lateral transpsoas lumbar interbody fusion, followed by a traditional posterior approach that includes open segmental instrumentation and fusion with osteotomies as needed. The circumferential MIS approach includes a first stage lateral transpsoas lumbar interbody fusion, followed by posterior percutaneous segmental screw instrumentation. Other MIS techniques have been described, including the mini-open PSO recently reported by Wang and Bordon, 47 in which posterior instrumentation is placed minimally invasively and only the osteotomy level and adjacent levels are exposed in an open fashion.
MIS ASD Treatment Algorithm
Potential applications of MIS techniques for ASD are not standardized, and the selection of which patients may benefit from these approaches remains controversial. 46, 48 MIS techniques have been reported to result in suboptimal sagittal plane correction or pseudarthrosis when used for severe deformities. 49 Mummaneni and colleagues 49 recently reported a framework for decision-making in MIS deformity surgery. Based on preoperative radiographic parameters, the algorithm stratifies ASD patients into 1 of 3 general treatment categories, ranging from MIS direct or indirect decompression to open deformity surgery with osteotomies. Although further studies of the algorithm are needed for validation, it can provide basic guidance for surgeons. 49 
Does MIS Deformity Treatment Have Fewer Complications and Achieve Alignment Objectives?
Several studies have suggested that MIS approaches may offer reduction of certain complications compared with open procedures, but high-quality prospective data are limited. 47, 50, 51 While the occurrence of some complications, including blood loss and infection, may be more favorable with MIS procedures, it is unclear whether other complications, including pseudarthrosis, adjacent level disease, PJK, and realignment failure, are similarly favorable. Mummaneni and colleagues 49 assessed ASD patients treated with MIS vs open procedures and found that the rate of radiographic PJK was not significantly decreased with MIS pedicle screw placement. In addition, reports have suggested that less invasive techniques are associated with a reduced ability to straighten the spine, especially with advanced curves. 46, 48, 50 Multicenter prospective studies are needed to further assess MIS techniques for ASD treatment.
Risk Stratification Predictive Analytics
Predictive analytics includes a variety of statistical techniques that use current and historical data to make predictions about future events. Application of these techniques offers substantial potential to provide greater clarity and predictability to the complication rates, outcomes, and costs associated with ASD surgery. [52] [53] [54] [55] [56] The ability to predict which ASD patients are most likely to benefit from surgery, which patients are at greatest risk of experiencing complications, and which patients are most likely to require revision surgery could have profound implications for treatment planning, patient counseling, and payment decisionmaking.
Although applications of predictive analytics to spine surgery are very promising, effective analyses typically require data sets with large numbers of patients and granular data that are limited in availability. Several early reports have emerged from the ISSG. Scheer and colleagues 57 developed a validated preoperative predictive model of whether a patient will achieve minimal clinically important difference improvement in ODI following surgical treatment for ASD. The ISSG has also developed a preoperative predictive model of the likelihood that patients will have major intraoperative or perioperative complications following ASD surgery, with an accuracy of 87%. 58 In addition, Scheer and colleagues 59 recently provided a validated preoperative predictive model for PJF or clinically significant PJK with an accuracy of 86% based on 510 patients with 2-yr follow-up.
Frailty
There is great variability between the rates at which individuals age chronologically and physiologically. Variability in physiological age across ASD patients undoubtedly contributes to the observed variability in risks of major complications these patients face with surgery. In addition, physiological age likely impacts the potential for improvements in pain and function following surgery for ASD. Measures of frailty have been developed as a means of quantifying an individual's physiological state and biological vulnerabilities and are critical to meaningful predictive analytics and risk stratification. Through the ISSG, Sciubba and colleagues 60 recently developed a preoperative ASD frailty score based on 564 patients with ASD and regression analysis. Notably, although ASD patients in their series with moderate or severe frailty had significantly greater risk of major complications and had longer length of hospital stay, these same patients also demonstrated the greatest improvement in outcomes (SRS-22r scores).
Miller and colleagues 61 have developed a frailty index to assist with risk stratification for ASD surgery through the ISSG. They stratified patients as not frail, frail, and severely frail and found that, compared to patients that were not frail, the frail and severely frail patients had 2.6 and 6.4-d longer hospital stays, respectively. The adjusted odds of experiencing a major intraoperative or perioperative complication was 9.4-times greater for frail patients and 14.5-times greater for severely frail patients than for patients that were not frail. 61 This model has since been externally validated based on ASD patients from the European Spine Study Group. 62 Through the ISSG, Miller and colleagues 63 have also recently developed a novel frailty index for adult cervical spine deformity (ACSD) as a component of preoperative risk stratification.
Procedural Invasiveness Quantification
Surgical treatment for ASD is not standardized, and various approaches and techniques may be recommended for the treatment of similar deformities. Neuman and colleagues 64 recently reported a novel ASD surgical invasiveness score. This score, which includes deformity-specific procedures, was shown to be an independent predictor of estimated blood loss and operative time, and may serve as a valuable component of an overall risk stratification protocol.
Patient-reported Outcome Measurements General Health Outcomes Measures and Comparisons Across Disease States
Patient-reported outcome measurements (PROMs) are standardized questionnaires to evaluate patient physical and mental health, function, disability, and pain. PROM instruments can be divided into 2 different types: general health and disease specific. Examples of general health PROMs include the 36-item Medical Outcomes Short-Form Health Survey (SF-36) and the EuroQol 5-Dimension Questionnaire. These questionnaires allow for evaluation of the health impact that a particular disease, or a specific treatment, has upon the patient's global health status. General health PROMs also allow for comparisons that different diseases have upon general health.
Few health impact comparison studies exist in the literature for spine deformities; however, Bess et al 5 recently utilized data from the ISSG to compare pretreatment SF-36 scores for 497 patients with ASD that had no prior spine surgery. These values were compared to SF-36 scores for the US general population and for patients with chronic medical conditions. The healthrelated impact of ASD, as measured by the SF-36 physical component score (PCS), was similar to that reported by patients with diabetes and cancer. Importantly, the authors found that different types of spinal deformity had varying impact on SF-36 scores. Adult lumbar scoliosis was found to have a devastating effect on HRQOL, as PCS values for this cohort were similar to values reported by patients with chronic heart disease, and the disease impact of large sagittal malalignment (SVA > 10 cm) was greater than that reported by patients with limited vision and patients with limited use of arms and legs. Similarly, Pellise et al 65 compared SF-36 scores from ASD patients to published scores of patients with self-reported arthritis, lung disease, diabetes, and heart failure. The authors reported that ASD patients had worse SF-36 PCS scores than patients with the measured chronic diseases. These data demonstrate that ASD can have a tremendous impact on HRQOL, and this impact is often similar to or greater than the impact of more recognized chronic diseases.
Disease-Specific Outcomes Measures and Patient-Reported Outcomes Measurement Information System
Disease-specific PROMs are used to evaluate the specific impact that a particular disease has upon the individual. Diseasespecific PROMs commonly used for spine deformity research and outcomes include the SRS questionnaires (SRS-22, SRS-22r, SRS-30) and the ODI. The SRS questionnaires have demonstrated greater validity and responsiveness for the evaluation of adolescent idiopathic scoliosis (AIS) and ASD than the SF-36 and the SF-12. 66 In an attempt to unify clinical outcomes based research, the National Institutes of Health developed the patientreported outcomes measurement information system (PROMIS). PROMIS is comprised of a large question bank that is organized by 3 specific health categories (physical, mental, and social health) and a global health category. The intent is that the PROMIS tool will eliminate the use of different PROMs by providing testable domains that could be applicable to all disease states. PROMIS can be administered in 2 general formats; a static questionnaire or using computer adaptive testing (CAT). The CAT format uses an algorithm-based approach to administer the question bank. In this manner, subsequent questions administered for PROMIS CAT are based upon the responder's answers to previous questions. 67, 68 CAT versions of the PROMIS domains have been found to have the same precision as the long-form questionnaire with greater brevity than the short-form PROMIS. Little data exist for use of PROMIS in spine surgery; however, the data that are emerging have demonstrated favorable results compared to traditional PROMs, including shorter questionnaire burden, dramatically reduced testing times, and reduced ceiling and floor effects. 67, 68 As research on PROMIS evolves, data for ASD patients need to be generated and integrated with economic data. This will allow for further standardization of patient-reported outcomes analysis and allow researchers to evaluate cost and efficacy of different treatment types for ASD compared to other chronic diseases.
CERVICAL DEFORMITY Advances in the Understanding of Cervical Alignment in the Context of Global Alignment Chain of Correlations of Spinal Alignment
The cervical spine is particularly complex as it allows the widest range of motion relative to the rest of the spine, supports the weight of the head, and plays a key role in maintaining horizontal gaze. Sagittal measures of cervical alignment include the C2-C7 Cobb angle (C2-C7 lordosis), C2-C7 SVA, and the T1 slope ( Figure 7) . [69] [70] [71] Although, historically, assessment of cervical pathology has focused only on the cervical region, recent studies have emphasized the importance of a more global assessment of spinal alignment. Ames and colleagues 69 have demonstrated a significant chain of correlations that extends from the pelvis to the occiput. This chain starts with the pelvic morphology (PI) that sets the ideal magnitude of LL. The LL correlates with the TK, which, in turn, correlates with the cervical lordosis. Through recognition of this chain of correlations and a more global assessment of cervical alignment it has become apparent that cervical deformities may be primary, result from compensatory measures related to deformities elsewhere in the spine, or be a combination of these pathologies. 70, 72 Ramchandran and colleagues 73 recently assessed the importance of long-cassette standing radiographs for the assessment of significant cervical pathology through a survey of the AOSpine membership. Using a series of clinical vignettes, first provided with cervical imaging only and then with long-cassette standing radiographs, the authors demonstrated the significant influence of full-length radiographs on the recommended surgical procedure. Although the authors did not recommend long-cassette standing radiographs for the evaluation of every patient with cervical pathology, they did recommend that in planning for cervical spine surgery, surgeons should maintain a low threshold for obtaining these radiographs to assess thoracic and lumbar region alignment and global alignment. 73 Diebo and colleagues 74 recently assessed the complex interplay between cervical alignment and thoracolumbar alignment in the maintenance of horizontal gaze. The authors assessed full-length standing radiographs of 577 patients and created a formula to predict the amount of cervical sagittal curvature (CC) necessary to maintain horizontal gaze (CC = 10 -(LL-TK)/2). 74 This predictive formula may prove useful when planning correction for thoracolumbar or cervical deformities. In addition, Passias and colleagues 75 recently developed a model to predict poor postoperative cervical alignment following surgery for thoracolumbar deformity.
Establishing Alignment Disability Thresholds
Multiple studies have demonstrated correlations between alignment and HRQOL scores in adult thoracolumbar deformity. 4, 6 Similar studies for cervical alignment have recently been published. Tang and colleagues 76 assessed the impact of standing regional cervical sagittal alignment on outcomes in posterior cervical fusion surgery. They demonstrated a significant positive correlation between the cervical sagittal alignment (C2-C7 SVA) and the Neck Disability Index. Regression modeling predicted a threshold C2-C7 SVA value of 37 mm for a Neck Disability Index score of 25 (severe disability). 76 Mohanty and coworkers 77 reviewed 124 patients with surgical cervical spondylotic myelopathy (CSM) and observed that quantitative MRI parameters and myelopathy severity correlated with increasing SVA among kyphotic patients. Shamji and coworkers 78 followed these patients postoperatively and reported that neurological recovery among patients with preoperative kyphosis was less than those with preoperative lordosis, with least improvement and occasional deterioration in patients with a posterior-only approach who were left in a kyphotic alignment. Mechanical dysfunction seen in cervical spine deformity includes both swallowing dysfunction and abnormal horizontal gaze. The former arises as a consequence of collapse of the pharyngeal space and consequently inefficient swallowing. Maintenance of horizontal gaze is a very fundamental human function. The chin-brow vertical angle (CBVA) is the classic measure for assessment of horizontal gaze (Figure 7 ). Lafage and colleagues 79 recently reported CBVA thresholds for severe disability. 7 They reported that the thresholds for severe disability (ODI > 40) were a CBVA < -4.8
• or CBVA > 17.7
• .
Surgical Treatment of Cervical Deformity and Cervical Osteotomy Classification
Through the ISSG, Smith and colleagues 80 recently demonstrated a very marked lack of consensus on recommended surgical approaches, osteotomies, and fusion levels for ACSD among a panel of deformity surgeons. This lack of consensus suggests that further study is warranted to assess whether specific surgical treatment strategies may be associated with better outcomes, fewer complications, and potentially be more cost effective.
Ames and colleagues 81 recently proposed a standardized nomenclature for cervical soft-tissue release and osteotomy for cervical deformity correction as a means of providing a common language among spine surgeons. This nomenclature has 7 anatomic grades of increasing extent of bone/soft-tissue resection and destabilization, ranging from partial facet resection to complete vertebral column resection (Figure 8) . 81 The safest region to achieve such correction is at the cervicothoracic junction because of the entry location of the vertebral artery, although considerations of manipulation at C7/T1 include potential injury to the C8 nerve root and spinal cord. Neurophysiological monitoring is recommended to enhance the safety of these procedures.
Progress Toward a Cervical Deformity Classification
Despite the complexity and potential for substantial impact on patient's quality of life and function, there has been no widely accepted, standardized classification for ACSD. 82 Recently, Ames and colleagues, 83 through the ISSG, proposed a novel cervical deformity classification using a modified Delphi approach. This classification includes a deformity descriptor and 5 modifiers that incorporate sagittal, regional, and global spinopelvic alignment ( Figure 9 ). 83 The authors acknowledged that the proposed classification is likely to undergo revision as progress is made in understanding the critical factors in managing these complex deformities. 83 
PEDIATRIC DEFORMITY Three-Dimensional Imaging and Improved Understanding of AIS
Despite the complex 3-D nature of AIS, assessment has historically been based on 2-D imaging. It is now recognized that measurement of the Cobb angle based on 2-D images is insufficient for the assessment of AIS, since it only measures the collapse of the spine, and completely neglects the horizontal plane. 84 Since creation of the 3-D Classification Committee of the SRS, substantial progress has been made in defining the 3-D features of AIS and in developing a 3-D AIS deformity classification. [84] [85] [86] [87] [88] [89] EOS R (EOS Imaging SA) has revolutionized the 3-D assessment of AIS, since this technology enables standing assessment of global alignment that includes all of the elements of the chain of alignment, including the lower limbs, cervical spine, and head. 84 Recent advances in the 3-D assessment of AIS have focused on defining the sagittal plane. Newton and colleagues 87 obtained EOS R imaging (EOS Imaging SA) of 120 AIS patients with primary thoracic curves and compared this imaging with the corresponding 2-D imaging. 87 They reported that 2-D measurements of TK underestimated the preoperative loss of TK in AIS because of errors associated with axial plane rotation and that the difference between the 2-D and 3-D measurements of the T5-T12 kyphosis was strongly correlated with the degree of apical vertebral rotation. 87 Pasha and colleagues 88 reported similar findings in a series of 36 consecutive AIS patients. 
Role of Tether Constructs for AIS
Nonfusion treatment for AIS offers several potential advantages, including preservation of growth potential and mobility. Moal and colleagues 90 performed a corrective tether analysis based on a porcine scoliosis model. After inducing a 50
• Cobb angle, the authors removed the inducing tether and treated a subset with a nonfusion anterior corrective tether. After 20 wk, postmortem CT imaging with 3-D reconstructions demonstrated significant realignment in the corrective tether group compared with the untreated group that was a product of both mechanical action and growth modulation. The mean coronal Cobb angles for the corrective tether and untreated groups at postmortem were 27.9
• and 52.7
• , respectively.
90
Clinical data on the use of tether for AIS are limited. Samdani and colleagues 91 reported 2-yr results for 11 consecutive patients with thoracic idiopathic scoliosis who underwent anterior vertebral body tethering. The mean patient age was 12.3 yr, and the mean number of tethered levels was 7.8 (range of 7-9). The preoperative thoracic Cobb averaged 44.2
• , and over 2-yr follow-up, the curves corrected to a mean of 13.5
• (mean 70% correction). The authors reported no major complications and concluded that the technique is promising for skeletally immature patients with AIS. 91 Vertebral body tethering is not approved by the US Food and Drug Administration (US FDA) for deformity treatment and is off-label for this purpose. In their report, Samdani and colleagues 91 indicated that they currently consider anterior vertebral body tethering in skeletally immature patients with thoracic curves ranging from 35
• to 60
• , which demonstrate flexibility to less than 30
• . Although they note that the general upper limit of curve magnitude is 60
• , they will consider tethering in larger curves as long as they demonstrate flexibility to less than 30
• . Further, they indicate that absolute contraindications include thoracic hyperkyphosis greater than 40
• and a rotational prominence greater than 20
• . Sun and colleagues 92 recently reported a novel approach for tether treatment of AIS. Noting that current approaches for anterior tether require entry into the chest which can compromise pulmonary function, they explored a posterior tethering procedure, in which a tether is passed via the costotransverse foramen along the convex side. They performed this procedure in a porcine model and noted significant curve correction and recommended further study.
Role of Growth-Friendly Spine Implants in Early Onset Scoliosis
Growth-friendly implants are used in the treatment of early onset scoliosis to maximize spine and thorax growth potential and preserve lung function, while controlling curve progression. These implants are classified into 3 categories: distraction based (spine-based or rib-based growing rods, vertical expandable titanium rib prosthesis, and remotely expandable devices), compression based (vertebral staples and tethers), and guided growth (Luque trolley and Shilla). 93 Except for the vertical expandable titanium rib prosthesis (used with a humanitarian exemption), other growth-friendly devices mentioned in this manuscript are not approved by the US FDA and are used offlabel.
Several recent reports have documented clinical outcomes of growth-friendly implants. Shah and colleagues 94 reported minimum 2-yr follow-up for a series of 43 early onset scoliosis patients treated with posterior distraction-based growing rods, with focus on sagittal and pelvic parameters. The mean preoperative age was 5.6 yr, and the mean number of lengthenings was 6.4. 94 They demonstrated that posterior-based growing rods had an overall positive effect on SVA, with return of patients to a more neutral alignment. 94 Kamaci and colleagues 95 assessed the effect of dual growing rod instrumentation on the apical vertebral rotation in early onset scoliosis. 95 They reported that dual growing rod instrumentation had no negative effect on transverse plane deformities and provided significant correction of the apical vertebra rotation.
McCarthy and McCullough 96 recently reported minimum 5-yr follow-up for 33 patients treated with the Shilla growth guidance technique. The average age at index surgery was 6.9 yr, and the mean follow-up was 7 yr. At baseline, curves averaged 69
• and improved to a mean of 38.4
• at follow-up. Although the reported complication rate was high (73%), the results are promising and suggest that children can be safely treated with the Shilla procedure. 96 Traditional growing rods (TGR) require multiple operative procedures for lengthening. Magnetically controlled growing rods (MCGR) can be lengthened noninvasively with an external controller. 97 Several recent studies have reported outcomes based on MCGR. Hosseini and colleagues 98 reported 2-yr followup in a multicenter series of 23 early onset scoliosis patients treated with MCGR. Single-rod implantation was performed in 8 patients, and dual-rod implantation was performed in 15 patients. Coronal curve magnitude improved from 61.3
• to 34.3 • in the de novo cases (n = 15) and improved from 49.4 • to 43.8
• in the conversion cases (n = 8). The T1-S1 height improved from 253 to 289 mm in the de novo cases, but did not significantly change in the conversion cases (from 294 to 290 mm). A total of 41 adverse events, including 14 that were implant related, occurred in 11 patients. The authors concluded that use of MCGR for early onset scoliosis is safe and has fewer overall complications than TGR, but that further study is needed.
Teoh and colleagues 99 reported 8 early onset scoliosis patients treated with MCGR with minimum 44-mo follow-up. They documented improvement in Cobb angle (60 • to 42 • ), but had 6 patients (75%) who required 8 revision surgeries. All 3 patients with a single-rod construct required a revision and they cautioned against using single-rod constructs. This group also reported on complication rates with MCGR compared with TGR and concluded that MCGR was associated with lower rates of infections, but that MCGR treatment was associated with an increased risk of instrumentation complications and unplanned returns to the operating room. 100 Among the largest reported series of early onset scoliosis, patients treated with MCGR to date are from Ridderbusch and colleagues. 101 They reported minimum 12-mo follow-up (mean of 21 mo) for 24 patients and documented significant mean improvement of the primary curve (from 63
• to 29 • ). Complications included: 1 patient who required rod exchange, 3 patients who required revision for PJK, and 1 patient revised for screw pull out.
CONCLUSIONS
There are numerous recent and ongoing advances in the field of spinal deformity. In adult thoracolumbar deformity, these advances include stereoradiography, improved understanding of alignment objectives and enhanced tools for radiographic analysis, strategies to reduce complications and to better predict risk and outcomes, and advances in MIS techniques. Substantial progress has been made in the understanding of how cervical alignment is impacted by thoracolumbar regional alignment and global alignment and how this can affect surgical planning, and progress has been made toward a cervical deformity classification system. Assessment of pediatric deformities has been markedly improved with 3-D imaging, and promising outcomes data are beginning to emerge on the use of growth-friendly implants.
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